Ornithine and lysine, both basic amino acids, are closely related with Krebs-Henseleit cycle and polyamine synthesis. [1] [2] [3] It was reported that their high concentration levels in plasma and urine were indicative in diagnoses of some congenital metabolic disorders like cystinuria or hyperlysinemia. [2] [3] [4] Thus, the selective determination of ornithine and lysine might be more valuable for the diagnoses of these disorders. An amino acids analyzer based on derivatization has been used for the determination of the two amino acids. However, the analyzer method allows the quantification of many amino acids including these two amino acids. Accordingly, the method is timeconsuming for the liquid chromatographic (LC) separation. Therefore, a simple and selective determination method for ornithine and lysine is required in biomedical and clinical fields.
Thus, the selective determination of ornithine and lysine might be more valuable for the diagnoses of these disorders. An amino acids analyzer based on derivatization has been used for the determination of the two amino acids. However, the analyzer method allows the quantification of many amino acids including these two amino acids. Accordingly, the method is timeconsuming for the liquid chromatographic (LC) separation. Therefore, a simple and selective determination method for ornithine and lysine is required in biomedical and clinical fields.
A large number of fluorescence derivatization reagents for amino acids in LC have been reported. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Some fluorogenic Edman-type derivatization reagents for the sequencing of peptides have also been developed. [15] [16] [17] [18] [19] All of these reagents react with almost all amino acids to form the corresponding fluorescence derivatives.
They are thus useful for the simultaneous determination of many amino compounds including amino acids analysis. However, when they were used for the determination of specific amino compound(s), troublesome clean-up procedure(s) like liquid-liquid or solidphase extraction and/or elegant LC separation conditions like gradient elution or column-switching technique are needed to avoid the interferences from impurities having amino moiety and/or the excess reagents.
Only a few fluorogenic derivatization methods for specific amino acid(s) have been introduced: i.e., ninhydrin, 20 9,10-phenanthraquinone, 21 and benzoin-type reagents 22, 23 for arginine, o-phthalaldehyde 24 in the absence of a thiol for cysteine, 1,2-diamino-4,5-dimethoxybenzene 25 and borate-hydroxylamineCo(II) reagent 26 for tyrosine related compounds, and glyoxaltype reagents 27, 28 for tryptophan. These methods are so selective that they do not require complicated separations of analytes from other amino concomitants and reagent components. However, selective derivatization methods for ornithine and lysine have not been reported.
In our previous research, we developed a highly selective and sensitive determination method for polyamines in LC based on intramolecular excimer-forming fluorescence derivatization. 29 In this method, all the primary and secondary amino moieties in polyamines were labeled with a pyrene reagent, 4-(1-pyrene)butyric acid N-hydroxysuccinimide ester (PSE), and the excited polypyrene-labeled derivative afforded an intramolecular excimer to fluoresce in the wavelength region (450 -520 nm) longer than that for usual pyrene derivatives (360 -420 nm). By using these characteristics, polyamines were determined highly selectively, even though the sample was contaminated with monoamino compounds.
In this paper, we have reported the determination method for ornithine and lysine by using the above-mentioned intramolecular excimer-forming fluorescence derivatization. Ornithine and lysine, which have two amino moieties in each molecule, were converted to the corresponding dipyrene-labeled derivatives by PSE, and the derivatives generated excimer fluorescence from the intramolecular dipyrene sites (Fig. 1) . The present method allowed highly sensitive and selective determination of ornithine and lysine. A highly sensitive and selective fluorometric determination method for ornithine and lysine has been developed. This method is based on an intramolecular excimer-forming fluorescence derivatization with a pyrene reagent, 4-(1-pyrene)butyric acid N-hydroxysuccinimide ester (PSE), followed by reversed-phase liquid chromatography (LC). The analytes, containing two amino moieties in a molecule, were converted to the corresponding dipyrene-labeled derivatives by reaction with PSE. The derivatives afforded intramolecular excimer fluorescence (450 -550 nm) which can clearly be discriminated from the normal fluorescence (370 -420 nm) emitted from PSE and monopyrene-labeled derivatives of monoamines. The structures of the derivatives and the emission of excimer fluorescence were confirmed by LC with mass spectrometry and with three-dimensional fluorescence detection system, respectively. The PSE derivatives of ornithine and lysine could be separated by reversed-phase LC on ODS column with isocratic elution. The detection limits (signal-to-noise ratio = 3) for ornithine and lysine were 3.5 and 3.7 fmol, respectively, for a 20-µl injection. Furthermore, this method had enough selectivity and sensitivity for the determination of ornithine and lysine in normal human urine. dipyrene-labeled derivatives and the generation of intramolecular excimer fluorescence were confirmed by LC with mass spectrometry (LC-MS) and with three-dimensional fluorescence detection system, respectively. Furthermore, this method could be applied to the determination of ornithine and lysine in normal human urine.
Experimental

Reagents and solutions
All chemicals and solvents were of the highest purity available and were used as received. Distilled water, further purified with a Milli-QII system (Millipore, Milford, MA, USA), was used for all aqueous solutions. L-Ornithine dihydrochloride, L-lysine dihydrochloride, and monoamines were obtained from Tokyo Kasei Kogyo (Tokyo, Japan), and δ-hydroxylysine hydrochloride was from Sigma (St. Louis, MO, USA). PSE was purchased from Molecular Probes Inc. (Eugene, OR, USA), and was used without further purification.
Stock solutions (1.0 mM) of the amines (ornithine, lysine, and monoamines) were prepared in aqueous ethanol (50%, v/v) and stored at 4˚C. These amine solutions were stable for at least 3 months, and were diluted further with water to the required concentrations before use. The 1.0 mM solution of PSE dissolved in dimethylsulfoxide (DMSO) was usable for at least a week when stored at -20˚C. A 50-mM triethylamine was prepared in water and stored at 4˚C.
Urine sample
A normal urine sample was obtained from a healthy volunteer in our laboratory. The urine sample (ca. 5 ml) collected from single-morning urination of the volunteer was stored and frozen at -20˚C until analysis. The urine was diluted 100-fold with water before analysis and passed through a disposable filter (0.45 µm, 13 mm i.d., cellulose acetate; Millipore). The filtrate was subjected to the derivatization.
Derivatization procedure
To a 100-µl aliquot of a test solution of amines or urine sample placed in a 3.0-ml Reacti-vial (Pierce, Rockford, IL, USA), were added 100 µl of 1.0 mM PSE solution and 10 µl of 50 mM triethylamine. The vial was tightly sealed and heated at 40˚C for 30 min in a block heater, Pierce Reacti-Therm (Model 18970). After cooling in ice-water, the reaction mixture was diluted 10 times with an LC mobile phase and a 20-µl portion of the resulting mixture was injected into the chromatograph. To prepare the reagent blank, a 100-µl volume of water in place of the standard solution was subjected to the same procedure.
LC detection system and its conditions
An isocratic LC system consisted of a Jasco (Tokyo, Japan) PU-980 chromatograph pump, a Rheodyne (Cotati, CA, USA) Model 7125 syringe-loading sample injector equipped with a 20-µl sample loop, a Jasco DG-980-50 on-line degasser, a reversed-phase TSKgel Super-ODS (100 × 4.6 mm i.d., particle size 2 µm; Tosoh, Tokyo, Japan), and a Hitachi (Tokyo, Japan) L-7480 spectrofluorometer fitted with a 12-µl flow-cell. A mixture of acetonitrile-water-acetic acid (55:45:1, v/v) was used as a mobile phase. The flow-rate of mobile phase was set at 1.0 ml/min and the column temperature was ambient (23 ± 3˚C). The fluorescence detector operated at the excitation and emission wavelengths of 345 nm and 475 nm, respectively, and the slit-widths of both the monochromators were set at 15 nm. For comparative studies, monomer fluorescence was monitored at the excitation and emission wavelengths of 345 nm and 385 nm, respectively.
In the assay of biological samples, the column washing is preferable by passing acetonitrile at flow rate of 1.0 ml/min for 1 h at the end of daily measurements.
LC-MS system
A Finnigan (San Jose, CA, USA) LCQ, ion-trap mass spectrometer equipped with an electrospray ionization (ESI) interface, was used in place of the fluorescence detector. Other separation conditions were the same as described in the previous section. The effluent from the LC column was directly introduced to the LC-MS interface without splitting. The ion source voltage and temperature of the heated capillary were set at +4.5 kV and 275˚C, respectively. Nitrogen gas was used as both sheath gas (85 psi) and auxiliary gas (20 psi). The scan range was set at m/z 100 -1000.
Three-dimensional fluorescence detection system
An Agilent (Palo Alto, CA, USA) 1100 series LC system was used; it consisted of a binary-pump, an on-line degasser, an auto-sampler, a column oven, and a programmable 3-D spectrofluorometer fitted with an 8-µl flow-cell.
Other separation conditions obeyed the previously explained conditions. The fluorescence detector operated with the excitation wavelength at 345 nm, and the on-line fluorescence emission spectra were monitored at 370 -650 nm. The slitwidth of excitation monochromator was set at 20 nm.
Results and Discussion
LC separation conditions
Reversed-phase LC was investigated for the separation of the pyrene-labeled amines and labeling reagent. The ODS column resulted in a satisfactory separation using a mixture of acetonitrile, acetic acid, and water as a mobile phase by the isocratic elution. A good separation of the PSE derivatives of ornithine and lysine, and reagent blank components was achieved on the LC conditions, as described in Experimental.
Typical chromatograms obtained with standard mixtures of the amino acids (ornithine and lysine) and monoamines (2-phenethylamine and n-pentylamine) are shown in Fig. 2 . Ornithine and lysine gave the respective single peaks, and they were separated well from each other and from the intermolecular excimer fluorescence peaks of PSE and its hydrolyzate, 4-(1-pyrene)butyric acid ( Fig. 2A) . No peak based on ornithine and lysine could be observed when the monomer fluorescence of pyrene structure was monitored at 385 nm (Fig.  2B) . On the other hand, monoamines could afford the 108 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 respective monomer fluorescence peaks (Fig. 2D ), but they did not give any peak in the excimer fluorescence detection (Fig.  2C) . Furthermore, none of the tested mono amino compounds described later (in the specificity study) gave any peaks in the excimer detection. Thus, this method permits highly selective determination of ornithine and lysine in the samples containing monoamines and other amino acids.
Structural analysis by LC-MS
The structures of pyrene-labeled ornithine and lysine were determined by LC-MS with ESI interface. The selected ion chromatograms (Fig. 3) suggest that dipyrene-labeled derivatives were formed from ornithine and lysine (M.W., 672.3 and 686.3, respectively). Mass spectra for the peaks also provided the corresponding quasi-molecular ions ([M+H] + ) as base peaks. When detected at m/z ([M+H] + ) corresponding to the monopyrene-labeled derivatives of ornithine and lysine (M.W., 403.2 and 417.2, respectively), no significant peak was observed in the respective ion chromatograms. From these observations, we conclude that both the amino moieties, α-and ε-(δ-) amino groups in lysine (ornithine), were derivatized with PSE under the present derivatization conditions (Fig. 1) . Figure 4 illustrates the three-dimensional fluorescence emission chromatogram of ornithine, lysine, and 2-phenethylamine with the excitation wavelength at 345 nm, and the fluorescence emission spectra of the corresponding peaks. The monopyrene-labeled derivative of 2-phenethylamine and other early-eluting components containing PSE and 4-(1-pyrene)butyric acid emitted monomer fluorescence (370 -420 nm) even though highly concentrated PSE and 4-(1-pyrene)butyric acid also exhibited excimer fluorescence due to the formation of intermolecular excimer. On the other hand, dipyrene-labeled ornithine and lysine resulted in remarkable peaks in the excimer fluorescence region (450 -550 nm) and extremely small peaks in the pyrene-monomer fluorescence 109 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 region; this is probably due to highly efficient formation of excimer under the detection conditions. Thus, the detection in the excimer fluorescence region should afford not only high selectivity but also high sensitivity.
Three-dimensional fluorescence emission chromatogram
Optimum derivatization conditions
Optimization studies were carried out to maximize the excimer fluorescence peak area for ornithine and lysine. Some derivatizing reagents containing pyrene structure for amines are commercially available: PSE, 1-pyrenesulfonyl chloride, 1-pyreneisothiocyanate, and 1-pyrenecarboxaldehyde. As in the case with polyamines, 29 PSE afforded intense excimer fluorescence. Other optimum derivatization conditions were examined concerning PSE concentration (0.1 -2.5 mM), watermiscible organic solvents (methanol, ethanol, acetonitrile, N,Ndimethylformamide, and DMSO), triethylamine (10 -200 mM), reaction temperature (0 -100˚C), and time (1 -120 min); the conditions described in the Experimental section were selected.
The pyrene-labeled ornithine and lysine in the final reaction mixture were stable, and still gave the constant fluorescence intensities after standing for at least 24 h in daylight at room temperature and for 7 days in the dark at 4˚C.
Calibration graph, precision, and detection limits
The relationships between the amounts of individual amino acids and the peak heights were linear over the concentration range of 10 -10000 fmol per 20 µl injection volume, which corresponded to 10 -10000 pmol/ml in a sample solution. The linear correlation coefficients were more than 0.999 (n = 3) for ornithine and lysine. The between-day precision values were established by repeated determinations (n = 8) using the mixtures of standard compounds (10 and 1000 pmol/ml each in a sample solution, 9.5 and 950 fmol each per 20 µl injection volume); the relative standard deviations were within 5.1% and 2.8%, respectively, for ornithine and lysine.
The detection limits (signal-to-noise ratio = 3) for ornithine and lysine were 3.5 and 3.7 fmol per 20 µl injection volume, which corresponded to 3.7 and 3.9 pmol/ml in a sample solution, respectively. This intramolecular excimer-forming derivatization method is as sensitive as other highly sensitive derivatization reagents for amino acids. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] 
Specificity
Some other diamines reacted with PSE under the proposed derivatization conditions to afford dipyrene derivatives. δ-Hydroxylysine, 1,2-ethylenediamine, 1,3-trimethylenediamine, and putrescine gave corresponding single peaks in the present method; their retention times (min) were 13.1, 29.9, 36.3, and 41.7, respectively. Highly sensitive detection in the range of 4.7 -10 fmol could be achieved. In the preliminary study by thin layer chromatography on a silica gel plate (5553 aluminium sheets; Merck, Darmstadt, Germany), other polyamino compounds tested (arginine, glycyl-L-lysine, histamine, 1,6-hexamethylenediamine, spermidine, and spermine) also reacted with PSE to afford the corresponding polypyrene-labeled products and generated the intramolecular excimer fluorescence. However, no peak was observed under the present LC conditions because some were not separated from the reagent blank and others were not eluted from the column.
The following biological compounds having only one amino moiety or none in the molecule, at a concentration of 10 nmol/ml, did not afford any peak under the present conditions; the compounds tested were neutral and acidic amino acids, ammonia, acetylcholine, serotonin, catecholamines (epinephrine, norepinephrine, and dopamine), α-keto acids (α-ketoglutaric acid and phenylpyruvic acid), other acids (acetic acid, palmitic acid, oxalic acid, uric acid, homovanilic acid, 5-hydroxyindole-3-acetic acid, and L-ascorbic acid), sugars (Dglucose, D-fructose, D-galactose, D-ribose, N-acetyl-Dglucosamine, maltose, and sucrose), nucleic acid bases (adenine, guanine, thymine, cytocine, and uracil), and other compounds (methanol, acetone, phenol, cholesterol, creatine, creatinine, and urea). These observations suggest that the present derivatization method is usefully selective for polyamino compounds.
Determination of ornithine and lysine in human urine
In order to investigate the practicality of the intramolecular excimer-forming derivatization method in biological analysis, the present method was applied to the determination of ornithine and lysine in human urine. Figure 5 shows typical chromatograms obtained with the 100-fold diluted urine sample and the same urine spiked with ornithine and lysine (100 nmol each per ml urine). The peak components of peaks 1 and 2 in Figs. 5A and B were identified as the PSE derivatives of ornithine and lysine, respectively, on the basis of their retention times by a comparison with those in Fig. 2A , and also by co-chromatography using 40 -70% (v/v) acetonitrile containing 0.5 -5.0% (v/v) acetic acid as an eluent. The peak 3 was identified as the PSE derivative of δ-hydroxylysine, a metabolite of lysine. On the other hand, no significant peaks from ornithine and lysine were detected when the sample was monitored under the monomer fluorescence region (Fig. 5C) . Thus, intramolecular excimer-forming derivatization method was quite selective and also gave a simple chromatogram in biological analysis. The determinable concentrations of urinary ornithine and lysine were both ca. 1 nmol per ml urine (ca. 10 fmol on column) which were lower than the normal human urinary levels (7 -21 and 11 -380 nmol/ml urine, respectively). [1] [2] [3] [4] 30 The concentrations of ornithine and lysine in normal human urine were determined by the proposed method with the repeated determinations (n = 5) using the same urine sample. The mean values and the standard deviations were 13.2 ± 1.0 and 234 ± 18 nmol per ml urine, respectively; the mean values were in good agreement with the reported data [1] [2] [3] [4] 30 and the method has sufficient reproducibility. Furthermore, the present method does not require special pretreatments or elegant LC conditions like amino acid analyzers.
Conclusion
By the present derivatization technique, an intramolecular excimer-forming derivatization, ornithine and lysine were found to be converted to the respective dipyrene-labeled derivatives. They afforded intramolecular excimer fluorescence (450 -550 nm), which can clearly be discriminated from normal fluorescence (370 -420 nm) of PSE and other pyrene concomitants, with the irradiation of normal pyrene excitation wavelength (345 nm). This unique property as well as prolonged Stokes shift allowed highly sensitive and specific detection of ornithine and lysine. In fact, this method had enough selectivity and sensitivity for the simple assay of normal human urine. Therefore, the present method should be applicable to biological and biomedical investigations of cystinuria and hyperlysinemia.
